ABSTRACT Field-collected Rocky Mountain wood ticks Dermacentor andersoni Stiles from British Columbia caused limited paralysis in hamsters at high doses, but not at lower doses, while ticks collected from Alberta failed to cause paralysis. This prompted development of a laboratory strain of ticks with a more consistent ability to cause paralysis. Progeny of ticks that paralyzed a cow near Walhachin, British Columbia were reared and assayed for paralyzing ability. A high-virulence colony was selected for four generations using female ticks that cause paralysis singly on hamsters. A low-virulence colony was concurrently selected using female ticks that failed to cause paralysis at four ticks per hamster. Logistic regression indicated that the paralyzing ability of the high-virulence colony was consistently higher than that of the low-virulence colony, but that the paralyzing ability of both colonies increased through four generations of selection. Ticks required storage at 10ЊC to terminate behavioral diapause. The effects of prolonged storage at 10ЊC on the paralyzing ability of ticks was estimated and was small compared with differences between colonies and across generations. Single ticks from the high-virulence colony caused an increasing proportion of paralysis with each generation, but only limited paralysis with no increase across generations for the low-virulence colony. Single ticks from the high-virulence colony that caused paralysis were similar in weight and percent weight gain compared with single ticks that failed to cause paralysis. Engorged weight and egg mass production after four generations of rearing in the laboratory were similar to that measured for Þeld-collected adults. Results indicated that laboratory selection could increase paralysis, but not eliminate it. This was likely a result of an inability to select male ticks.
THE ROCKY MOUNTAIN WOOD tick, Dermacentor andersoni Stiles, can cause paralysis in humans and livestock. In Canada, this tick is distributed below 53Њ N, from the Coast Mountains in western British Columbia, through Alberta, and to central Saskatchewan (Wilkinson 1967) . However, the ability to cause paralysis is restricted to populations in the south-central interior of British Columbia. In this region, paralysis in cattle occurs during April through early May when adults ticks are active (Gregson 1966) . As few as 30 unmated females can paralyze cattle, and paralysis usually begins within 5Ð 8 d after attachment (Gregson 1973) . Paralysis begins in the hindquarters, and advances, causing loss of coordination. The animals lose the ability to stand, becoming sternally recumbent. Lateral recumbency occurs, and is followed by death.
If ticks are removed before sternal recumbency, the animals will recover, often quite rapidly.
Paralysis is caused by a toxin that is injected with the tickÕs saliva during feeding. However, identiÞcation and characterization of the toxin has not yet been accomplished. One of the major difÞculties has been that the ability of individual ticks to paralyze animals varies tremendously from location to location, year to year, and even within a tick population (Gregson 1973) . It has been difÞcult to collect sufÞcient saliva from ticks with conÞrmed virulence to conduct experimental work. Development of a colony of ticks with a consistent ability cause paralysis will facilitate toxin identiÞcation. Gregson (1973) suggested that the ability to cause paralysis might be an inherited trait. Adult progeny were reared from ticks that had caused paralysis in hamsters, and eight of 12 caused paralysis in hamsters infected with single ticks compared with only three of 12 unselected ticks reared under similar conditions. Although preliminary, these results suggest that selection may be a useful means for increasing the paralyzing ability of a tick colony. Wilkinson (1985) suggested that the paralyzing ability of tick populations could be compared using replicated doses of ticks expressed on a tick weight per host weight basis. A live host is required because paralysis is identiÞed based on signs, and there are no noninvasive means for measuring paralysis. Although Wilkinson (1985) used lambs as test animals, other susceptible hosts may be more suitable. Hamsters, Mesocricetus auratus (Waterhouse), are uniformly susceptible to paralysis and exhibit signs consistent with those seen in livestock (Gregson 1959 (Gregson , 1973 . They are small, easy to handle and care for, and are proliÞc breeders. Additionally, increasing the number of ticks per hamster can increase the probability of paralysis (Gregson 1973) . Therefore, using hamsters in doseÐ response bioassays may be a useful means for comparing the paralyzing ability of tick populations selected for paralysis over a number of generations.
One factor that may complicate comparing the paralyzing ability of laboratory generations of ticks is the length of time adults ticks are stored at cold temperatures before being assayed. Storage at low temperatures is required for adults to break a behavioral diapause that inhibits feeding (Wilkinson 1973) . However, Gregson (1973) suggested that the paralyzing ability of ticks may decrease with prolonged storage, although this effect was never quantiÞed experimentally. Because it is logistically difÞcult to assay ticks stored at Þxed times over a number of generations, the effects of varying storage time on the paralyzing ability of ticks needed to be estimated and accounted for.
The overall objective of this study was to determine if laboratory selection could be used to increase the paralyzing ability of Rocky Mountain wood ticks. We demonstrated the difÞculty in identifying the paralyzing ability of Þeld-collected ticks to demonstrate the need for developing a high-virulence tick colony. We determined the effect of cold storage on tick feeding, and evaluated changes in the paralyzing ability of ticks selected for virulence in comparison with those selected against virulence over four generations in the laboratory. We also determined the effect of prolonged storage on the paralyzing ability of ticks, and accounted for this in comparing changes in paralyzing ability among generations. We further compared body weight and weight gain among ticks that caused paralysis singly in hamsters with those that did not. Finally, we compared reproduction after four generations of selection with reproduction of Þeld-collected ticks.
Materials and Methods
Tick Rearing. Larvae and nymphs were reared in small cages fastened to the backs of rabbits to prevent escape. Cages were constructed from a 4-cm ring cut from a screw-top 6-cm diameter nalgene bottle. The ring was glued to a 10-cm diameter circular piece of Þberglass window screen and the screen covered with a thin layer of rubber cement. A 5-cm diameter circular hole was cut in the screen on the inside of the ring to facilitate feeding. Cages were glued to shaved areas on the backs of rabbits (one cage per rabbit), and either 1000 Ð2000 larvae or 500 Ð700 nymphs placed in the cage. The cage was sealed with a metal screw-top lid that had a 3-cm diameter hole cut and covered with 100 mesh metal screen to allow airßow and prevent tick escape. Rabbits were kept individually in stainless steel cages elevated above a white table. The edge of the table was surrounded with a trough Þlled with soapy water. These precautions allowed us to examine the tabletop and water trough for any escaped ticks. Engorged immatures that spontaneously detached were removed from the cages by vacuum aspiration. Engorged larvae were held in vials for 30 d at 25ЊC and 95% RH for molting. Nymphs were held at 25ЊC and 75% RH until molting occurred. Flat nymphs and adults were stored at 10ЊC and 95% RH until needed. Adult female and males were fed inside stockingette sleeves glued to shaved areas on the backs of stanchioned cattle held at 25ЊC in a controlled environment facility. Spontaneously detached engorged females were removed and placed in vials for oviposition. Females were removed from the vials when oviposition was complete, and the eggs were held at 25ЊC and 95% RH for approximately 2 wk after hatching. Larvae were then stored at 10ЊC and 95% RH until needed.
Paralysis Assay. Procedures for assaying the paralyzing ability of ticks were modiÞed from Gregson (1973) . Hamsters were used as an assay host as they are uniformly susceptible to tick paralysis, are easily cared for, and signs of paralysis similar to those shown by cattle. Infestation capsules were constructed from a ring cut from the upper 1.5 cm of a bell-shaped polystyrene urine collection tube (Fisher, Nepean, ON). The ring was glued to a 4 cm diameter circular piece of Þberglass screen, and the screen coated with a thin layer of rubber cement. The screen inside the plastic ring was removed to allow tick feeding. Hamsters were anesthetized, weighed, and the hair shaved from an approximate 6 cm by 6 cm patch along the dorsal midline behind the head. Livestock cement (Kane Enterprises, Sioux Falls SD) was applied to the screen base of the infestation capsule, and the capsule glued to the shaved area. Female ticks that had been prefed for 4 Ð 6 d (minimum weight 40 mg) on naṏve cattle were placed inside the capsule and the capsule sealed with a snap-on lid. Infested hamsters were held singly in wire cages and observed for signs of paralysis. Paralysis occurs within 8 Ð 48 h after infestation of hamsters with prefed ticks, and is Þrst exhibited as an obvious loss of hind limb function that proceeds to full paralysis accompanied by a creamy white discharge from the eyes. Ticks were removed at the Þrst sign of paralysis, or after 48 h if no paralysis occurred.
Assays were conducted in two steps. The multiple tick assay was conducted by infesting hamsters with 1, 2, 3, or 4 ticks per hamster. If paralysis was detected, the ticks were removed then placed singly on a new hamster. This was termed a single tick reinfestation assay. The multiple tick assay was used to develop relationships between tick dose and paralysis, and the single tick reinfestation assay was used to identify individual high-virulence ticks. Ticks were weighed before infesting hamsters to allow calculating dose as mg ticks per gram hamster body weight. In the case of the single tick reinfestation assay, individual ticks were weighed upon removal as well to allow calculation of percent weight gain.
Paralysis by Field Collected Ticks. Multiple tick assays were conducted using adult ticks collected by ßagging from three locations in British Columbia and two locations in Alberta. In British Columbia, ticks were collected from pastures near Napier Lake (50Њ 25ЈN, 120Њ 18ЈW) in 1995, and pastures near Stump Lake (50Њ 21ЈN, 120Њ 24ЈW) and Douglas Lake (50Њ 09ЈN, 120Њ 20ЈW) in 1996. In Alberta, ticks were collected from a coulee near Chin Lake Reservoir (49Њ 40ЈN, 112Њ 20ЈW) and Waterton Lakes National Park (49Њ 04ЈN, 114Њ 55ЈW) in 1996 and again from Chin Lakes in 1999. Ticks were returned to the laboratory and assayed for paralysis at doses of 1, 2, 3, and 4 ticks per hamster. From 3Ð 6 hamsters per dose were used depending on availability of ticks. The ticks collected from Chin Lakes in 1999 were assayed at four ticks per hamster (25 hamsters total) to enhance the chance of causing paralysis.
Effects of Cold Storage on Tick Feeding. An experiment was conducted to determine if feeding success of adult ticks was inßuenced by the length of time adults were stored at several temperatures. Recently molted (Ͻ1 wk) adult ticks were divided equally among three storage temperatures, 5, 10, and 25ЊC. For each temperature, Þve adult females and males were removed from the storage temperature after 0, 4, 8, 12, 16, and 20 wk storage and provided with an opportunity to feed for up to 14 d on cattle housed at 25ЊC. Ticks were examined daily, and spontaneously detached engorged females were removed and weighed. After 14 d, any unengorged females were also removed and weighed. Mean tick weight was calculated for temperature-storage time combination, and the relationship between mean tick weight and proportion engorged was determined using linear regression to determine if tick weight was a reliable indicator of feeding success. Analysis of variance (ANOVA) was used to determine if engorged weight varied among storage temperature and time.
Selection to Increase Virulence. A colony of ticks was initiated from six females collected from a paralyzed cow near Walhachin, British Columbia (50Њ 45ЈN, 120Њ 59ЈW) in April 1995. Females were returned to the laboratory and held at 25ЊC and 95% RH in vials for oviposition. The laboratory-reared adult progeny from the six females were designated as generation 0 and formed the initial stock for the selection procedure to increase virulence. Adult females were prefed on cattle to a minimum weight of 40 mg (based on visual determination of size), removed from the cattle, weighed and transferred to hamsters at doses of 1, 2, 3, and 4 ticks per hamster. A total of 6, 5, 5, and 6 hamsters were exposed to the respective numbers of ticks, and paralysis was recorded. Following this assay, ticks from paralyzed hamsters were removed and used in a single tick reinfestation assay. Ticks that caused paralysis singly were considered virulent and were transferred to cattle with males from the same colony and allowed to engorge. The resulting eggs were collected and considered the Þrst generation of the highvirulence colony. Ticks that did not cause paralysis when placed four to a hamster were reared similarly and the resulting eggs were considered the Þrst generation of the low-virulence colony.
A total of four generations underwent selection for both the high-virulence and low-virulence colony. The procedures were similar each generation, except that adult ticks were stored at 10ЊC before use. For each colony and generation, a multiple tick assay was conducted followed by a single tick reinfestation assay. The high-virulence colony was selected each generation by using only females capable of causing paralysis singly as breeding stock for the next generation. The low-virulence colony was selected by using females that did not cause paralysis in hamsters infested with four ticks as breeding stock for the next generation. We attempted to assay 10 hamsters at each tick dose for each multiple tick assay, but occasionally some hamsters were able to remove the capsule and eat the ticks and were excluded from the analysis. The number of hamsters used in the single tick reinfestation assays varied depending on the levels of paralysis in the multiple tick assays and is reported elsewhere in this manuscript.
For operational reasons, we were unable to conduct assays for each generation at Þxed times after storing adult ticks. Therefore, we conducted additional assays to determine if length of storage at 10ЊC inßuenced tick virulence (Table 1) . Excess ticks (those not used in the selection assays) from generations two and three of both colonies were stored at 10ЊC for an additional 16 Ð21 wk, after which a multiple tick assay was conducted to assess virulence, followed by a single tick assay.
Evaluating Changes in Virulence
Multiple Tick Assays. Data from the multiple tick assays were used to assess changes in virulence in relation to changes in colony, dose, generation, and storage. The response variable, occurrence of paralysis, was coded as a binary variable that was assigned the value one if paralysis occurred and 0 if not. Logistic regression was used since this procedure estimates the relationship between various independent variables and a binary response to predict the probability, or risk, of the response, in this case paralysis. The independent variables used were colony (1 ϭ high-virulence, 0 ϭ low-virulence), dose expressed as mg ticks per gram hamster body weight to account for variation in hamster and tick weight across generations, generation, duration of storage in weeks, and all possible two-way interactions. Forward elimination stepwise logistic regression was used to select the best set of variables that predicts the risk of paralysis. Once the model was identiÞed, the inßuence of each of the variables on risk of paralysis was examined by solving Single Tick Reinfestation Assays. Data from the single tick reinfestation assays were analyzed in a similar fashion using a forward selection stepwise logistic regression procedure with occurrence of paralysis as the response variable and colony, dose, generation, storage, and all possible two-way interactions as the set of potential independent variables. Additionally, the effect of transferring ticks from one host to another on virulence was assessed by determining the relationship between the proportion of hamsters paralyzed by a single tick in the multiple tick assays and the proportion of hamsters paralyzed in the subsequent single tick reinfestation assays. Model two regression was used because both measures of proportion were subject to error, and the estimates from the single tick reinfestation trial were used as the independent variable because these were more precise.
Comparison of Paralyzing and Nonparalyzing Ticks. Data from the single tick infestations of both the multiple tick and single tick reinfestation assays were analyzed separately to determine if tick body weight, percent weight gain, and milligram tick per gram hamster varied among single ticks that caused paralysis and single ticks that did not. Only data from the highvirulence colony were used as relatively few single ticks from the low-virulence colony caused paralysis. Data were analyzed using ANOVA with paralysis as a main effect with each assay treated as a replicate.
Comparing Reproduction Among Tick Colonies. The reproductive performance of the high-virulence and low-virulence colony during generation four was compared with wild ticks collected near Chin Lakes, Alberta. Adults from each source were reared on separate cattle in stockingette sleeves. The sleeves were examined daily, and spontaneously detached engorged females removed, weighed, and held for oviposition. Egg masses were weighed and the ratio egg weight:engorged weight calculated. ANOVA was used to determine if engorged weight, egg mass weight, and egg weight:engorged weight varied among the sources. The proportion of females that oviposited was also calculated and differences among sources determined using a contingency table.
Results and Discussion
Paralysis by Field-Collected Ticks. Tests were conducted using a total of 117 ticks collected from three locations in British Columbia. Ticks collected at Napier Lake paralyzed one-thirds hamsters exposed to four ticks each. No paralysis occurred in the 6, 6, and 6 hamsters exposed to 1, 2, and 3 ticks each. Ticks collected from Stump Lake paralyzed two-fourths hamsters exposed to four ticks each, but no paralysis occurred in the 4, 5, and 5 hamsters that were exposed to 1, 2, and 3 ticks each. Ticks from Douglas Lake paralyzed one-thirds hamsters exposed to 2 ticks each, and no paralysis occurred in hamsters exposed to 1, 3, and 4 ticks each (three hamsters per dose). No ticks removed from the paralyzed hamsters caused paralysis when placed singly on hamsters.
We tested a total of 200 ticks collected from two separate locations in Alberta. No paralysis occurred in the Þve hamsters each infested with 1, 2, 3, or 4 ticks collected from Waterton Lakes National Park in 1996. Ticks from Chin Lakes did not cause paralysis in hamsters infested with 1, 2, 3, and 4 ticks per hamster (5 hamsters each) that were collected in 1996. In 1999, 25 hamsters were each exposed to four ticks collected from the same location, and no paralysis occurred.
Effects of Cold Storage on Tick Feeding. Higher mean tick weights were associated with higher proportion of engorged ticks (F ϭ 172.1; df ϭ 1, 16, P Ͻ 0.0001). The regression equation was mean tick weight in g ϭ 0.05 (Ϯ0.03) ϩ 0.61 (Ϯ0.05)*proportion engorged (r 2 ϭ 0.92). This indicates that inferences based on mean tick weight will reßect differences in engorgement success, and can be used as an overall indicator of tick feeding success. Mean weight of engorged female ticks varied signiÞcantly (F ϭ 14.1; df ϭ 2, 72, P Ͻ 0.0001) among storage temperatures, averaging 0.51 (n ϭ 30; SE ϭ Ϯ 0.05), 0.52 (n ϭ 30; SE ϭ Ϯ 0.06) and 0.22 (n ϭ 30; Ϯ 0.05) g for those stored at 5, 10, and 25ЊC respectively. Mean tick weight also (Table 2) , although both weight and the proportion engorged appeared depressed at four and 8 wk storage. Mean weight for ticks stored at 10ЊC varied signiÞcantly among storage times (Table 2 ) and was lowest for ticks stored Ͻ12 wk (84 d). Proportion engorgement showed a similar pattern. Mean weight of ticks stored at 25ЊC declined signiÞcantly with storage time (Table  2 ) and was lowest for ticks stored 4 wk and longer. Ticks stored at 25ЊC did not attach and did not gain weight after being stored for 12 wk or more (Table 2) . These results are consistent with the Þndings of Wilkinson (1973) who suggested that adult D. andersoni require a period of chilling to break behavioral diapause and initiate feeding. Ticks may feed if they are placed on an animal within 1 wk of molting, however feeding success is increased when ticks have been stored for 8 wk at 10ЊC ( Table 2) . As a result, we recommend that bioassays be conducted using ticks stored for 8 wk or more at 10ЊC.
Evaluating Changes in Virulence
Multiple Tick Assays. The number of hamsters assayed is listed in Table 1 for each of the multiple tick assays. Because paralysis was quite low in the Þrst generation of the low-virulence colony, we increased the number of hamsters exposed to four ticks per hamster in an attempt to cause paralysis. Because of limited numbers of ticks, we were only able to assay 5 hamsters per dose in the storage trial for generation three of the high-virulence colony.
The overall risk of paralysis in hamsters during generation 0 averaged 0.48 Ϯ 0.10 and ranged from 0.17 at 0.51 Ϯ 0.08 mg tick per g hamster to 0.83 at 2.17 Ϯ 0.32 mg tick per g hamster (Fig. 1A) . During generation 1, the risk of paralysis caused by the high-virulence colony averaged 0.57 Ϯ 0.08 and ranged from 0.14 to 0.40 at the lower doses to 0.70 Ð 0.90 at the higher doses (Fig. 1B) . During generation 2, the risk of paralysis caused by the high-virulence colony increased to 0.80 Ϯ 0.05, and ranged from 0.35 at the lowest dose to 0.89 Ð1.00 at the three highest doses (Fig. 1C) . The risk of paralysis in generation three of the high-virulence colony showed a small increase to 0.81 Ϯ 0.05, ranging from 0.5 at the lowest dose to 0.93 at the highest doses (Fig. 1D) . In generation 4, the risk of paralysis caused by the high-virulence colony averaged 0.95 Ϯ 0.04 (n ϭ 40) and ranged from 0.82 to 1.00 at all four doses (Fig. 1E) .
In the low-virulence colony, paralysis was not detected during the Þrst generation (Fig. 1B) . However, Means within columns followed by different letters were signiÞcantly different at P Ͻ 0.05 (FisherÕs LSD). Effects of time on engorgement weights were signiÞcant for ticks stored at 10ЊC (F ϭ 4.7; df ϭ 5, 24; P Ͻ 0.005) and 25ЊC (F ϭ 4.8; df ϭ 5, 24; P Ͻ 0.004) but not at 5ЊC (F ϭ 1.8; df ϭ 5, 24; P Ͼ 0.15).
Fig. 1.
The relationship between tick dose and proportion hamsters paralyzed for the high-virulence (F) and lowvirulence (f) colonies of ticks at generation 0 (A), generation one (B), generation two (C), generation three (D), and generation four (E). Vertical and horizontal bars are Ϯ1 SE. Open symbols are values predicted from the model in Table  3. paralysis caused by the low-virulence colony increased each subsequent generation. During generation 2, the risk of paralysis caused by the low-virulence colony averaged 0.18 Ϯ 0.05 and ranged from 0.00 to 0.13 at the lower doses to 0.3 at the higher doses (Fig.  1C) . During generation three of the low-virulence colony, paralysis averaged 0.40 Ϯ 0.06, and ranged from 0.05 to 0.26 at the lower doses and 0.52Ð 0.75 at the higher doses (Fig. 1D) . During generation 4, the risk of paralysis increased to 0.44 Ϯ 0.08 and averaged 0.10 Ð 0.33 at the lower and 0.60 Ð 0.70 at the higher doses (Fig. 1E) .
Storing ticks for extended periods resulted in no appreciable change in the risk of paralysis for generation two of the high-virulence colony. The doseÐ response curves were similar among the storage regimes ( Fig. 2A) . Storing ticks for extended periods increased the risk of paralysis by up to 0.07 for generation three of the high-virulence colony (Fig. 2B) . Extended storage decreased the paralysis by up to 0.3 for generation two of the low-virulence colony (Fig.  2C ) but increased the risk of paralysis by up to 0.3 for generation three of the low-virulence colony (Fig.  2D) .
The results of the stepwise logistic regression using all data from the multiple tick assays are shown in Table 3 . The model Þt the observed data reasonably well, as shown in Figs. 1 and 2 . The signiÞcant colony effect indicated that the risk of paralysis was consistently higher for the high-virulence colony (colony ϭ 1) compared with the low-virulence colony (Fig. 3) .
However, the signiÞcant colony*dose interaction indicated that the relationship between risk of paralysis and dose was not consistent between the colonies. The risk of paralysis by the high-virulence colony increased at a greater rate with dose compared with the low-virulence colony for any given generation (Fig.  3) .
The signiÞcant generation * dose and generation * storage interactions indicated that the relationship between paralysis and dose was not consistent among generations, and the effects of storage was not consistent among generations. Effects of changes in dose and storage on paralysis by each generation were estimated and plotted in Fig. 4 . The model predicts that the probability of paralysis at higher doses increased at a greater rate across generations compared with the lower dose. This was consistent with the observed data where the risk to paralysis increased Þrst at the higher doses early in selection, and then at the lower doses as selection proceeded. This effect was modiÞed by duration of storage; however, the Table 3 . The logistic regression model is P(Y ϭ 1) ϭ 1/(1ϩexp(Ϫ(␤ 0 ϩ ␤ 1 X 1 ϩ ␤ 2 *X 1 X 2 ϩ ␤ 3 X 3 X 4 ϩ ␤ 4 X 3 X 2 )) where P(Y ϭ 1) is the probability that paralysis occurred, X 1 ϭ 1 for the high-virulence colony and 0 for the low-virulence colony, X 2 ϭ dose (mg tick/g hamster), X 3 ϭ generation, and X 4 ϭ duration of storage (weeks) at 10ЊC. Model was highly signiÞcant ( 2 ϭ 266.7; df ϭ 4; P Ͻ 0.0001 for all generations). Number of hamsters used was 446 (239 paralyzed) for all generations.
* Denotes parameters signiÞcant at P ϭ 0.01, ** P ϭ 0.001, and *** P ϭ 0.0001. Fig. 3 . Predicted relationship between the probability of paralysis and milligram ticks per gram hamsters for the highvirulence colony (F ϭ generation 1, E ϭ generation 4) and low-virulence colony (f ϭ generation 1, e ϭ generation 4). Values were predicted using the model in Table 3. predicted effects of increasing storage from 15 to 25 wk were relatively small compared with the changes across generations (Fig. 4) . These results indicate that increasing the length of storage of ticks at 10ЊC actually increased the risk of paralysis, and is contrary to earlier published reports (Gregson 1973) .
Single Tick Reinfestation Assays. The ability of ticks to paralyze hamsters singly after removal from hamsters exposed to multiple ticks is summarized in Table  4 . The proportion of hamsters paralyzed during the single tick reinfestation trials was consistently lower than the proportion of hamsters originally paralyzed by the single ticks in the multiple tick assay. The relationship was P(multiple assay) ϭ 0.0204 ϩ 1.3040*P(reinfestation assay) (SE(slope) ϭ 0.1746; t ϭ 7.5; df ϭ 10; P Ͻ 0.0001) where p ϭ the proportion hamsters paralyzed by single ticks in the respective assay. The slope was signiÞcantly Ͼ1 (t ϭ 1.74; df ϭ 10, P Ͻ 0.06) indicating that transferring ticks from one hamster to another can reduce their ability to cause paralysis.
Stepwise logistic regression indicated that the proportion of ticks causing paralysis in the single tick reinfestation trials was inßuenced by the colony * generation interaction and the colony * storage interaction. The proportion paralysis increased each generation for the high-virulence colony, but not the low-virulence colony (Table 4 ). The model predicted that the ability to cause paralysis increased with increasing storage for the high-virulence colony, but not the low-virulence colony (Table 4 ). The predicted changes in the proportion of paralysis for each generation at storage time of 15 and 25 wk are shown in Fig. 5 . Increasing the duration of storage had a relatively small effect on the predicted incidence of paralysis compared with the changes that occurred across generations for the high-virulence colony, indicating that levels of paralysis increased each generation, even after accounting for the effects of various lengths of storage.
Comparison of Paralyzing and Nonparalyzing Ticks. Comparison of average tick weight, percent weight gain, and dose of the ticks placed singly on Fig. 4 . Predicted relationship between the probability of paralysis and generation at two levels of storage for the high-virulence colony (• ϭ 15 wk storage, ⅙ ϭ 25 wk storage) and low-virulence colony (Ⅲ ϭ 15 wk storage, ▫ ϭ 25 wk storage) at doses of 0.5 mg tick per gram hamster (A) and 1.0 mg tick per gram hamster (B). Values were predicted using the model in Table 3 . n ϭ number of hamsters. * Indicates assays conducted under extended storage conditions. Predicted proportion paralysis was estimated using the equation P(Y ϭ 1) ϭ 1/(1 ϩ exp(Ϫ(␤ 0 ϩ ␤ 1 X 1 X 2 ϩ ␤ 2 X 1 X 3 )) where P (Y ϭ 1) is the proportion hamsters paralyzed, X 1 ϭ colony (1 ϭ high-virulence, 0 ϭ low-virulence), X 2 ϭ generation, and X 3 ϭ weeks ticks were stored at 10ЊC.
Parameter estimates are ␤ 0 ϭ Ϫ3.2623 (Ϯ0.2699), ␤ 1 ϭ 0.4643 (Ϯ 0.1004), and ␤ 2 ϭ 0.0604 (Ϯ0.0124) and are different from 0 (P Ͻ 0.0001). The model was signiÞcant ( 2 ϭ 145.2; df ϭ 2; P Ͻ 0.0001).
hamsters revealed no signiÞcant differences between ticks that paralyzed hamsters and those that did not (Table 5 ). This pattern was consistent with results from the multiple tick assays and single tick reinfestation. Therefore, differences in paralyzing ability of single ticks after reinfestation could not be attributed to differences in tick weight, weight gain, or dose.
Comparing Reproduction Among Tick Colonies. The reproductive performance of the high-virulence colony was comparable to that of the Þeld-collected ticks and the low-virulence colony (Table 6) . No signiÞcant differences in engorged weight, egg mass weight, and egg weight:engorged weight were detected. The Þeld-collected ticks had a slightly lower proportion of successful oviposition, which may indicate a reduced ability to mate when brought into the laboratory.
Discussion
Field collected ticks from British Columbia showed little ability to paralyze hamsters, even though ticks were collected from known paralysis foci. For example, the Stump Lake location had 30 of 36 heifers paralyzed the previous year. These data were not intended to be a comprehensive survey, but are included to illustrate the sporadic nature of tick paralysis in the Þeld, and the difÞculties in using Þeld-collected ticks to study paralysis (Gregson 1973) . This further illustrates the need to develop a strain of ticks that can reliably cause paralysis to facilitate studies on toxins.
The lack of paralyzing ability in ticks collected from two locations in Alberta agrees with the summary provided by Gregson (1973) who noted relatively few instances of naturally reported paralysis in western Canada outside of British Columbia. Davidson (1941) reported livestock paralysis in Saskatchewan, but the some animals may have been malnourished and others bore heavy tick burdens (Wilkinson 1985) . Paralysis caused by ticks collected from outside British Columbia has been detected in experimental situations. Nelson et al. (1968) reported paralysis in two out of 57 sheep infested with ticks collected in southern Alberta. Paralysis occurred only in vitamin A-deÞcient sheep. Ticks collected from Milk River in southern Alberta caused paralysis in a single hamster infested with eight ticks, but no subsequent paralysis occurred when four ticks each were transferred to two hamsters (Gregson 1973) . Ticks collected from Harris, Saskatchewan failed to produce paralysis in three hamsters infested with Þve ticks each and one hamster infested with six ticks (Gregson 1973) . Weak paralysis occurred in marmots, an exceptionally susceptible host, infested with Þve ticks each that were collected near Foremost, Alberta. However, Wilkinson (1985) failed to produce paralysis in sheep initially infested with 10 ticks each collected from southern Alberta although paralysis was induced in eight of 10 sheep infested with ticks collected near Kamloops, British Columbia. These results, coupled with our inability to detect paralysis in any hamsters infested with ticks collected from southern Alberta support the conclusion that ticks from southern Alberta had greatly reduced virulence compared with ticks in the interior of British Columbia.
The progeny of Þeld-collected ticks from Walhachin, British Columbia (generation 0) was able to cause paralysis at doses as low as 0.58-mg tick per gram hamster. By generation 4, paralysis occurred at doses as low as 0.32-mg tick per gram hamster. Gregson (1973) suggested that the minimum dose required for Multiple tick assays: The occurrence of paralysis was not associated with signiÞcant variation in initial tick weight (F ϭ 0.02; df ϭ 1, 48; P ϭ 0.88), percent increase in tick weight (F ϭ 1.07; df ϭ 1, 48; P ϭ 0.31), or mg tick per g hamster body weight (F ϭ 0.03; df ϭ 1, 48; P ϭ 0.86). Single tick reinfestation: The occurrence of paralysis was not associated with signiÞcant variation in initial tick weight (F ϭ 1.6; df ϭ 1, 463; P ϭ 0.21), percent increase in tick weight (F ϭ 1.07; df ϭ 1, 456; P ϭ 0.03), or mg tick per g hamster body weight (F ϭ 0.10; df ϭ 1, 463; P ϭ 0.76). Values were predicted using the model in Table 4. paralysis of hamsters was 0.30, which agrees closely with our observations, but suggested that minimum doses for sheep and cattle were Ϸ0.12 and 0.04-mg tick per gram host. Paralysis of cattle was subsequently reported at doses in the range 0.0258 Ð 0.0547 (Wilkinson and Allen 1983) and 0.0324 Ð 0.0834 mg ticks/gram cattle (Wilkinson 1985) and in sheep at 0.0370 Ð 0.0707 mg ticks/gram sheep (Wilkinson 1985) . Paralysis of hamsters requires parasite ratios at approximately one order of magnitude higher than cattle or sheep, suggesting that they are actually somewhat more resistant. It is unlikely that this is a numerical artifact reßecting the lower weights of hamsters relative to the weight of ticks at the time the ticks are capable of producing the toxin; initially, only a small proportion of hamsters were paralyzed with single ticks.
Results of the selection experiments including both the multiple tick assays and single tick reinfestation assays, demonstrated that potency of the high-virulence colony increased each generation, even after accounting for differences in storage among generations. The increase in potency was more pronounced at the higher doses compared with lower doses. This was conÞrmed in the single tick reinfestation trials where the risk of paralysis by the low-virulence colony remained low, but the risk of paralysis by the highvirulence colony increased sharply during the fourth generation. Gregson (1973) noted that certain ticks may be more responsible for causing paralysis than others, but also noted that paralysis can occur in animals infested with multiple ticks even though individual ticks do not cause paralysis. In this study, the failure of some ticks to cause paralysis singly after being removed from paralyzed hamsters infested with multiple ticks suggests that differences in the ability of individual ticks to paralyze hamsters is related to amount of toxin produced by each tick. Even though a single tick may not produce sufÞcient toxin to paralyze a host, the additive effects of multiple ticks feeding may result in sufÞcient toxin injected to cause paralysis. Each generation, an increasing proportion of single ticks caused paralysis during reinfestation, suggesting that we were able to increase the risk of paralysis by increasing the proportion of ticks capable of causing paralysis singly. The failure of some ticks to cause paralysis during the single reinfestation trials could not be attributed to differences in weight, weight gain, or tick dose. We therefore attribute the ability to cause paralysis to some genetic factor.
It is unlikely that our results were because of inadvertent selection of the hamster colony. Hamsters are a uniformly susceptible host for tick paralysis (Gregson 1973) . Hamsters may be paralyzed more than once, and there is little evidence of acquired resistance. Gregson (1973) reported that naṏve hamsters had a similar risk of paralysis (0.35; n ϭ 29) compared with previously challenged hamsters (0.23; n ϭ 98). Hamster size and sex also do not inßuence the risk of paralysis, nor is there an inherited susceptibility to paralysis (Gregson 1973) . The breeding stock used in our studies was not selected for susceptibility. In fact, any inadvertent selection would have favored a more resistant hamster as breeding stock was taken from either untested hamsters or hamsters that survived paralysis.
We were unable to eliminate paralysis in the lowvirulence colony, and in fact, the risk of paralysis increased with each generation in the low-virulence colony, but remained below that of the high-virulence colony. However, paralysis caused by single ticks in both the multiple tick assays and single tick reinfestation assays was considerably lower than observed for the high-virulence colony, and did not appear to increase with time. It is likely that our selection procedure initially reduced the frequency of virulent females ticks in the low-virulence strain, but that the male ticks used may have maintained and even increased this trait in the low-virulence colony. Unfortunately, males could not be selected as they do not do not inject sufÞcient saliva during feeding to cause paralysis (Gregson 1973) . IdentiÞcation of a genetic marker to detect the toxin gene in both females and males will be required to understand heritability of this ability to paralyze animals. In retrospect, paralysis may have been eliminated in the low-virulence strain if we had used males from a nonparalyzing strain of ticks such as those found in Alberta. However, mixing ticks from different genetic backgrounds may have complicated interpretation of the data.
The reproductive performance of the laboratory colonies appeared to remain sound throughout the study. Engorgement weight, egg production, and oviposition after four generations of selection were comparable to that of Þeld collected ticks. It thus appears Table 6 . Mean engorgement weight, egg mass weight, proportion oviposition, and egg weight:engorgement weight ratio for lowvirulence, high-virulence and field-collected ticks that we now have a useful tool for further studies on tick paralysis. The lack of paralyzing activity detected in the wild Alberta ticks suggests these Þeld populations may be useful for comparisons oriented toward detecting salivary toxins. If the inability of Alberta ticks to cause paralysis can be genetically conÞrmed, and if further studies allow elucidation of the heritability of the paralyzing ability of ticks, it may be possible to consider genetic means for reducing paralysis in endemic areas as has been suggested by Wilkinson (1985) .
